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ABSTRACT

Several different phosphine oxides, triphenylphosphine oxide, diphenylphosphine oxide, and
trihydroxylpropylphosphine oxide, are added into nylon 6,6 by copolymerization and by blending.
The flammability properties of these samples are measured in the Cone Calorimeter. The results
show that the addition of any of these phosphine oxides to nylon 6,6 reduces the heat release rate
significantly but increases the amount of CO and soot particles. Although small amounts of char
are formed with the phosphine oxides, the flame retardant site appears to be mainly in the gas
phase. No significant difference in flammability properties is observed between the copolymer
samples and the blended sample. A small quantity of silica gel with K,CO, as an additive
reduces heat release rate of many different polymers and forms carbonaceous char for PP,
PMMA, nylon 6,6 and also significantly enhances char yields of cellulose and PVA. The solid-
state NMR data of char formed from PVA with silica gel/K,CO, show increase in aromaticity
in the char compared with in the char generated from PVA only.

1. Introduction

Today, synthetic polymeric materials are rapidly replacing more traditional materials such as steel
and nonferrous metals and natural polymeric materials such as wood, cotton, natural rubber, and
so on, but they also are materials in their own right, possessing uniquely valuable physical
properties. However, one weak aspect of polymeric materials compared with steel and other
metals is that these materials are combustible under certain conditions. Thus, many polymer-

containing end products (for example, cables, carpets, furniture) must pass some type of
regulatory test to help assure public safety from fire.

The fire safety of materials can be significantly enhanced by increased ignition resistance, reduced
flame spread rates, reduced heat release rates, and reduced amounts of toxic and smoke products,
preferably simultaneously. The use of more thermally stable polymers, of which many are
available, might be a valid solution to these requirements but generally the cost of these materials
is relatively high and, furthermore, their physical properties or processability may not be as
desirable as those of less stable polymers. The most common approach to enhance fire safety
performance is the use of flame retardant additives in large volume commodity polymers. The
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additives must have a minimum impact on physical properties and product cost. Although
halogenated flame retardants are highly effective for reducing the heat release rate of commodity
polymers, public perception of the environmental impact of recycling and incineration of certain
halogenated flame retardants has become an issue in Europe [1,2]. Furthermore, concern over
possible corrosion damage to metals by the combustion products from fire in which plastics
containing halogenated groups or additives are involved, may impact the use of halogenated
compounds. As our society becomes more dependent on high technology, the corrosion threat
from fire in communication and electronic systems could become a problem.

Therefore, this study aims at developing other types of flame-retardant treatments. One possible
alternative is the use of phosphorous based compounds whose effective flame retardant
performance is well known [3,4]. However, it appears that the mechanism of flame retardancy
depends on the polymer resin. It has been reported that the flame retardant operates in the
condensed phase by forming char for rigid polyurethane [5] but, for polystyrene, phosphorous
flame retardants act primarily in the gas phase [6]. To determine flame retardant effectiveness
of phosphine oxides, various hydrolytically stable aromatic phosphine oxides were chemically
incorporated into nylon 6,6, PET, and epoxy polymers. Their flammability properties were
measured in the Cone Calorimeter. Another flame retardant approach used in this study is
through the formation of char. There are several mechanisms whereby the formation of char
reduces flammability: (1) part of the carbon (and hydrogen) stays in the condensed phase, thus
reducing the amount of gaseous combustible degradation products evolved; (2) the low thermal
conductivity of the char layer over the exposed surface acts as thermal insulation to protect the
virgin polymer beneath [7]; and (3) a dense char acts as a physical barrier to gaseous combustible
degradation products [8]. The majority of commodity polymers do not form char during their
combustion and current research seeks to determine how to form char from these polymers. This
char forming approach is most successful when the polymer chars rapidly and early in the
burning process. To be useful the charring process must be designed so that it occurs at a
temperature greater than the processing temperature but before the polymer decomposition has
proceeded very far. Our approach to char promotion is to investigate relatively inexpensive
additives which form char from commodity polymers and to gain a fundamental understanding
of the additive’s char formation mechanism with the goal of optimizing the additive’s
performance. Recent studies of the flammability of polymers containing silicon based materials
have shown these materials to be promising fire retardants, either as additives, in blends with
organic polymers or in copolymers [9,10]. We have selected a combination of silica gel and
potassium carbonate additives and determined their effects on flammability properties of
commodity polymers[11].

2. Experimental

All phosphine oxide copolymers were synthesized at Virginia Polytechnic Institute and State
University and the synthetic methods used are described in refs. 13-15. The chemical structure
of the copolymer of triphenylphosphine oxide with nylon 6,6 is shown in Fig.1. Samples were
prepared by compression molding and their size was 10 cm square with about 3 mm thickness.



Polymers and additives used for the formation of char in this study were* silica gel (Fisher
Scientific Co., 28-200 mesh), potassium carbonate, K,CO, (Mallinckrodt, granular) polypropyle-
ne, PP (Scientific Polymer Products, Inc., Mw = 240,000 g/mole), polystyrene, PS (Scientific
Polymer Products, Inc., Mw = 45,000 g/mole), styrene-acrylonitrile, SAN (GE Polymers),
poly(methymethacrylate), PMMA (Du Pont, Elvacite), poly(vinyl alcohol), PVA (Scientific
Polymer Products, Inc., Mn = 86,000 g/mole, Mw = 178,000 g/mole, 99.7% hydrolysed via
NaOH aqueous method), nylon 6,6 (Rhone Poulenc) and alpha cellulose (Sigma Chemical Co.,
fiber, 99.5%). All were used as received. The additives were mixed with the polymers by
grinding the powders together in a mortar and pestle (generally, the total additive mass percentage
was at most 10%). Cone samples were prepared by compression molding the powdered samples
(40 g-55 g) into 75 mm x 7-8 mm disks using a Carver press with a heated mold (~22 MPa (10
tons) held for 3-5 minutes at 150 °C or at glass transition temperature).

The flammability properties of these samples were measured by the Cone Calorimeter (ASTM
E1354) at external flux of either 35 kW/m? or 40 kW/m? in air. The sample was wrapped in a
thin aluminum foil except the irradiated sample surface and mounted horizontally on a Marinite
board (calcium silicate) as an insulation material. A heavy metal container used in the standard
test procedure was not used in this study to avoid heat loss to the container.

3. Results and Discussion

3.1 Phosphine Oxide Copolymers

The effect of incorporation of triphenylphosphine oxide, TPO, into nylon 6,6 as a copolymer on
the heat release rate is shown in Fig.2 for three different levels of phosphine oxide from 10 mol%
to 30 mol%. A significant decrease in heat release rate is observed as the amount of the
triphenylphosphine oxide comonomers is increased. Piloted ignition delay time decreases slightly
with increasing amount of the triphenylphosphine oxide. This is consistent with the slight
decrease in the onset of thermal degradation temperature (from 410 °C for nylon 6,6 to 402 °C
for the 30 mol% of the phosphine oxide sample [14]) seen in the TGA data (thermal gravimetric
analysis) in air. The mass burning rate is calculated from the transient sample weight divided
by the initial sample surface area and the results are shown in Fig.3. The mass loss rate
decreases with the amount of the triphenylphosphine oxide but this trend is much less than that
of the heat release rate. The heat of combustion, AH,, is calculated from the transient heat
release rate divided by the transient mass loss rate at the same instance. The AH, results shown
in Fig. 4 indicates that the heat of combustion decreases with increase in triphenylphosphine
oxide. A 40% reduction in the heat of combustion is about 40% from nylon 6,6 to the copolymer
of triphenylphosphine oxide (30 mol%) and nylon 6,6. However, the yield of char after the test
is from 2.3 £0.2 % for nylon 6,6 to 8.7 0.8 % for the copolymer sample. These trends indicate
that there is some flame retardant activity in the condensed phase but it appears the majority of

* Certain commercial equipment, instruments, materials, services or companies are identified in
this paper in order to specify adequately the experimental procedure. This in no way implies
endorsement or recommendation by NIST.



the flame retardant activity is in the gas phase. This is confirmed by significant increases in CO
yield and specific extinction area, shown in Figs. 5 and 6, respectively. The specific extinction
is calculated from the extinction measurement of a He-Ne laser beam passing through the exhaust
duct of the Cone Calorimeter divided by the volume flow rate in the duct and the transient mass
loss rate. This value indicates the concentration of soot particulates generated by the combustion
of the sample. Since the effect of the triphenylphosphine oxide on the mass loss rate is relatively
small, as shown in Fig.3, the overall rate of CO and soot particles formation increased with an
increase in the phosphine oxide content in the copolymer sample. The flammability properties
of these samples are summarized in Table 1. A small increase in char yield (from 0% to 8.5%)
with an increase in the triphenylphosphine oxide is also observed in the TGA study in at 750 °C
[14]. Although the physical properties of the copolymer tends to be better than that of the
blended sample, the cost of the copolymer sample might be higher than that of the blended
sample. Another flammability study was carried out to compare the flame retardant effectiveness
of the copolymer and a blend material. Triphenylphosphine oxide (10 mol%) was blended with
nylon 6,6 and the flammability properties of this blend are compared with those of nylon 6,6 and
of the nylon 6,6/TPO copolymer. The comparison of heat release rate among the three samples
is shown in Fig.7. The heat release rate of the blended sample does not differ significantly from
that of the copolymer but the ignition delay time of the blended sample tends to be shorter than
that for the copolymer sample. There are no significant difference in burning rate, heat of
combustion, CO and specific extinction area. These results indicate that the flammability
properties of nylon 6,6 with triphenylphosphine oxide as a blend or as a copolymer are not
significantly different. Other copolymers based on polycarbonate, PET, and epoxy (Epon 828)
with triphenylphosphine oxide were synthesized to examine the effects of polymer chemical
structure on flame retardant effectiveness of the phosphine oxide. The results are similar to those
for nylon 6,6. The heat release rates of these polymers are reduced by the incorporation of
triphenylphosphine oxide as a copolymer but an increase in the amount of CO and soot
particulates was also observed.

The increase in the formation of soot particulates and CO, by the incorporation of triphenylphosp-
hine oxide, could be caused by the combustion of pendant benzene groups from triphenyiphosphi-
ne oxide. When benzene is a part of the polymer backbone, it tends to participate in formation
of char [16]. However, pendant benzene groups do not always promote char formation. This
is the case in polystyrene where the pendant benzene groups tend to generate soot particulates
instead of char. In order to confirm this hypothesis, a new copolymer sample was synthesized
with the pendant benzene replaced with methyl. The heat release rate of copolymer samples of
diphenylphosphine oxide, DPQ, with nylon 6,6 is not significantly different from that of
copolymer samples of triphenylphosphine oxide with nylon 6,6 as shown in Fig.8. The mass loss
rate, heat of combustion, CO yield, and specific extinction area of copolymer samples of
diphenylphosphine oxide/nylon 6,6 are not significantly different from those of copolymer
samples of triphenylphosphine oxide/nylon 6,6. These results indicate that the pendant benzenes
do not enhance the formation of CO and soot particulates. To determine if benzene in the
copolymer backbone was contributing to the increase in CO and soot particulates, we examined
an aliphatic phosphine oxide blended with nylon 6,6. Trihydroxypropylphosphine oxide, THPPO,
was used as the aliphatic phosphine oxide. The blended sample has 30 weight% of THPPO. The




heat release rate of the blended sample with THPPO is compared with that of nylon 6,6 sample
(This nylon 6,6 is a commercial sample whose thermal degradation characteristic might be
different from that of the nylon 6,6 sample used for the copolymer study.). The results, shown
in Fig.9 at an external flux of 35 kW/m?, show a significant reduction in heat release rate similar
to the copolymer samples with TPO. In addition, the specific extinction area of the blended
sample is much higher than that of nylon 6,6, as shown in Fig.10. The char yield of the blended
sample was 4.2 %. These results are similar to those of the copolymer samples with TPO. The
results suggest that phosphorous is the major factor in controlling the reduction of the heat release
rate and the increase in CO and soot particulates. There is evidence to suggest the contention
that, if phosphorous is released into the gas phase, it acts as a radical scavenger of H-atoms [17,
18]. On the other hand, the measurable char yield in the tested sample suggests that there is
some activity in the condensed phase. If phosphorous stays in the condensed phase during
combustion, phosphorous could be a significant char forming flame retardant.

3.2 Silica gel

The intention in using silica gel with K,CO; was to devise a method of in-situ formation of
silicon based fire retardants during combustion. The reaction of silica gel and organic alcohols
in the presence of metal hydroxides has been shown to give multicoordinate organosiliconate
compounds [12]. Instead of synthesizing these materials and then combining them with various
polymers to evaluate their effect on polymer flammability properties, we envisioned the reaction
occurring in the condensed phase of the pyrolyzing polymer beneath the burning surface, by
combining a polyhydroxylic polymer, e.g. PVA or cellulose, with silica gel and K,CO,. If the
reaction between the polymer and the additives occurs, it should crosslink the polymer and might
assist in forming a silicon-oxy-carbide, SiOC, type protective char during combustion.The
flammability progerties of these samples were measured in the Cone Calorimeter at an incident
flux of 35 kW/m*. The results are summarized in Table 2 for the polymers and polymers with
the addition of silica gel and K,CO5 [19]. Assuming all additives remained in the polymer
residue after the test, the char yield was determined as (polymer residue weight - initial additives
weight)/initial mass of polymer in the sample. The results show that the additives enhance the
formation of carbonaceous char even if the original polymer does not generate any char such as
PP, PS and PMMA. The increases in carbonaceous char yield for PVA and cellulose is nearly
a factor of 10. As discussed in the Introduction Section, the intention in using silica gel with
K,CO; was to devise a method of in-situ formation of silicon based crosslinks to enhance
formation of char. The reaction of silica gel and organic alcohol in the presence of metal
hydroxides has been shown to give multicoordinate organosiliconate compounds [12]. Therefore,
it is not surprised by the significant increase in char yield for PVA and cellulose. It was not
expected to form char for PP and PS which do not have any alcohol groups in their polymer
structure. The reduction in peak heat release rate by the additives is quite significant, reaching
about 50% for PP, PVA, cellulose, and nylon 6,6. A typical result for the reduction in heat
release rate is shown in Fig.11 for PP. However, the heat of combustion is not significantly
affected by the additives and also the concentrations of particulates, shown in Fig.12, and CO in
the combustion products do not increase with the additives. These trends are significantly
different from those for halogenated flame retardant additives or even for above described



copolymer samples of phosphine oxide. The results presented here clearly demonstrate that the
flammability of a wide variety of polymers is dramatically reduced in the presence of relatively
small concentrations of silica gel and K,CO5;. However, we have only just begun to find the
effects of the additives on flammability. We are planning to evaluate other types of basic
materials (K,CO; is hygroscopic) and the effects of particle size, internal pore size and silanol
content of the silica gel on flammability.

The above results indicate that these additives appear to act in the condensed phase. In order to
understand their effects on polymer pyrolysis, the chars of PVA with silica gel / K,CO; (90:6:4)
and PVA with silica gel only (90:103) isolated following combustion in the Cone calorimeter, were
analyzed using several solid state 13C NMR techniques. The spectra are shown in Figures 13 and
14 for the PVA with silica gel only (90:10) char and for the PVA with silica gel / K,CO,4
(90:6:4) char, respectively. The normal CP/MAS 13C NMR, shown in the middle of Figure 11,
contains a broad resonance in the aromatic-olefinic region from 110 ppm to 150 ppm and two
weaker broad signals in the aliphatic region, one centered at 20 ppm and the other at 35 ppm.
This spectrum shows that the ratio of aromatic-olefinic (sp) carbon to aliphatic (sp>) carbon is
~ 3:1. An interrupted decoupling (ID)-CP/MAS spectrum of this char, shown in the bottom
spectrum in Figure 9, reveals only the non-protonated carbons which have cross-polarized.
Comparison of the ID-CP/MAS spectrum (bottom) to the normal CP/MAS spectrum (middle)
reveals that the downfield shoulder in the CP/MAS spectrum, centered at 135 ppm, is due to non-
protonated aromatic-olefinic carbons. The result of subtracting the appropriate intensity of the ID-
CP/MAS spectrum from the CP/MAS spectrum, so that the downfield shoulder is removed, is
shown in the top of Figure 13. This difference spectrum (top) reveals that the narrower upfield
portion of the aromatic-olefinic resonance, at 110 ppm -135 ppm, is due to protonated carbons.
The ratio of non-protonated to protonated aromatic-olefinic carbons in the cross-polarized signal
of this char sample is approximately 1 to 1. Comparison of the set of NMR data above with that
for the char resulting from the pyrolysis of pure PVA reveals that the non-protonated to
protonated aromatic-olefinic carbon ratio is 1:1 in both cases and that the chars appear to have
almost identical structure [19]. However, the presence of silica gel in PVA reduces the peak heat
release rate from 609 kW/m?, for pure PVA, to 250 kW/m?. The presence of silica gel also
increases the char yield from 5% to 27%. It appears that the silica gel does not change the type .
of char formed, since the chars have similar structure, but it does change the rate at which it
forms since the char yield is higher and the flammability is lower.

A similar series of spectra of the char from PVA with silica gel and K,CO; (90:6:4) is shown
in Figure 14. The normal CP/MAS spectrum (middle) contains the sharp carbonate resonance at
162 ppm and a broad resonance in the aromatic-olefinic region from 115 ppm to 150 ppm. In
contrast to the spectra for PVA only or for PVA with silica gel (10%) there is little evidence of
any aliphatic (sp3) carbon. Comparison of the ID-CP/MAS spectrum (bottom) to the normal
CP/MAS spectrum (middle) reveals, as was observed for pure PVA and for PVA with silica gel,
that the downfield shoulder in the CP/MAS spectrum, centered at 135 ppm, is due to pon-
protonated aromatic-olefinic carbons. The result of subtracting the appropriate intensity of the ID-
CP/MAS spectrum from the CP/MAS spectrum, so that the downfield shoulder is removed, is
shown in the top of Figure 10. The difference spectrum (top) reveals that the upfield portion of




the aromatic-olefinic resonance, at 115 ppm -135 ppm, is due to protonated carbons. The ratio
of non-protonated to protonated aromatic-olefinic carbon in the spectrum of this char sample is
approximately 1.5 to I, i.e., this char contains a greater fraction of non-protonated aromatic-
olefinic carbons than the char formed in the absence of K,CO;. To the extent that the cross-
polarized signals in these materials reflect the sample-wide chemistries, these data indicate that
the presence of the K,CO, has increased the extent of carbon-carbon bond formation and
therefore of crosslinking in the char. This may be the reason for the even lower flammability
(peak heat release rate: 609 kW/m? for pure PVA; 250 kW/m? for PVA with silica gel; and 194
kW/m? for PVA with silica gel and K,CO;) and for the higher char yield in the presence of
K,COj; (char yield: 5% for pure PVA; 27% for PVA with silica gel; and 43% for PVA with
silica gel and K,CO;).

We are also charactermng the residues formed from the combustion of the polymers discussed
above usmg sohd state 'H, 2°Si, single pulse (more quantitative) 13C NMR, and other techniques.
Our recent 2°Si NMR measurement of the carbonaceous char of PVA in the presence of the
additives showed no signal corresponding to presumed Si-O-C or Si-C bonds. Therefore, it is
not clear at present how silica gel and K,CO, enhance the formation of carbonaceous char from
a wide variety of polymers.

4. Summary

It appears that phosphorous in phosphine oxides, such as triphenylphosphine oxide, diphenylphos-
phine oxide and trihydroxylpropylphosphine oxide, manifests its flame retardant activity mainly
in the gas phase during combustion of nylon 6,6, PET, polycarbonate and epoxy (Epon 828).
It reduces heat release rate but increases the formation of CO and soot particulates. There are
no significant difference between blending and copolymerization of the phosphine oxides into the
polymer samples. The use of silica gel as an additive to various polymer samples generates char
even though the original polymers do not form any char. This approach reduces heat release rate
without increasing CO and soot particulates. It appears that the combination of silica gel with
K,CO; enhances the formation of char possibly as a catalyst. However, the detailed chemical
or physical mechanism of the char formation by silica gel is not understood.

Acknowledgments

The authors would like to thank Dr. Sergey Lomakin for making flame retardant samples, Dr.
Joseph Green of FMC Corporation for supplying the THPPO sample, Mr. Jack Lee for Cone
Calorimeter data, Dr. David L. VanderHart for use of the NMR facilities.

References

1. Nelson,G.L., "Recycling of Plastics - A New FR Challenge", The Future of Fire Retarded
Materials: Applications & Regulations, FRCA, p.135, October 1994.

2. Van Riel, H.CH.A, "Is There a Future in FR Material Recycling; The European
Perspective", ibid, p.167.

3. Weil, E.D., Encyclopedia of Polymer Science and Technology, Wiley-Interscience, New
York, Vol.11, (1986).




10.
11.

12.
13.

14.
15.
16.
17.

18.

19.

Aaronson, A.M., Phosphorous Chemistry, ACS Syposium Series 486, Ch. 17, p.218

(1992).

Papa, A.J. "Flame Retarding Polyurethanes" in Flame Retardancy of Polymeric Materials,

Vol.3, W.C. Kuryla and Papa, A.J., Eds., Marcel Dekker, New York, pp.1-133 (1975).

Carnahan, J., Haaf, W, Nelson, G., Lee, G., Abolins, V. and Shank, P. "Investigation into

the Mechanism for Phosphorus Flame retardancy in Engineering Plastics," Proc. 4th Intl.

Conf. Fire Safety, Product Safety Corp., Sanfrancisco, CA 1979.

Anderson, C. E., Jr., Ketchum, D. E., and Mountain, W. P, J. Fire Science, 6:390-410

(1988).

Camino, G., Costa, L., Casorati, E., Bertelli, G., and Locatello, R., J. Appl. Polym. Sci.,

35:1863-1876 (19883)..

Kashiwagi, T., Fire Calorimetry, Proceedings of a special symposium on Fire Calorimetry,

Report # DOT/FAA/CT-95/46, p.48 (1995).

Buch, R.R., ibid, p.154.

Gilman, J.W.,, Kashiwagi, T. and Lomakin, S.M., 41st International SAMPE Symposium

and Exhibition, Vol. 41, SAMPE, p.708-713 (1996).

Laine, R.M., Nature, 353:642 (1991).

Smith,C.D., Gungor, A., Wood, PA., Liptak, S.C., Grubbs, H., Yoon, T.H., and McGrath,

J.E., Makromol. Chem., Macromol. Symp., 74, p.185 (1993).

Wan, 1.Y., McGrath, J.E., and Kashiwagi, T., ACS Symposium Series 599, "Fire and

Polymers II", edited by G. Nelson, Washington, D.C., p.29 (1995).

Wan, I.Y. and McGrath, J.E., Polymer Priprints, 36(1), 493 (1995).

Van Kreven, D.W., Polymer, 16:615-620 (1975).

Hastie, J.W. "Molecular Basis of Flame Inhibition", J. Research of NBS-A. Physics

&Chemistry, T1A: 733-754 (1973).

Hastie, J.W. and McBee, C.L.,"Mechanistic Studies of Triphenylphosphine Oxide-
Poly(Ethyleneterephthalate) and Related Flame Retardant Systems", NBSIR 75-741

(1975).
Gilman, J.W,, Kashiwagi, T. and Lomakin, S.M., 41st International SAMPE Symposium
and Exhibition, Vol. 41, SAMPE, p.708-713 (1996).




/M SE mo X0]J JUBIPRI [BUIIIXD
ue 18 9‘g uojAu Jo senzedord Anjiqeurwey o) uo uorerodioour OdJ, JO S0 T °[qeL

(% 0€)0d.L

00T ¥+ 08¥1 ¢ F91 80F L8 ¢ F 81 S F0¢ 0L ¥ 06V + 9°9 uolku

(% 02)0dL

0ST F 0TI1 ZFsI LOFSL TF1C 9 FZ9 | 06 F019 | + 99 uojdu

(% 01)OdL

001 + 00L ¢'T+0I 90+ 19 ¢+ SC L +TL 0Z1 F0€6| -+9°9 uolAu

0EFLLT | TOTF V1 TO0F €T EFIE | 0IFS6 | OSIF 0611 9‘9 uojAu
(S/,u) (/)
Bale @1/ ANE\EZV 2]el
UOIIOUIIXD (%) (%) uonsnquIod osBoyaI oseo[al

ogads | PIRIA 0D PRI 18UD JO JeoH | 189y [B10L | 1By eod ordwes




‘04 01 F o%e sanuuenb ISYRO [ Ul ISOY} PUB %G F 9Te BaTe UOHOUSIXS Uedl Ul
pue 91el 9seajal Jeay ead UT SORUIEMesUf) 1S3} XopU] UadAx(Q BUnIWILT Ul PUE JJOUILIO[E] SU0Y
1 syeuoqres wmisseod pue (08 eor[is Y s1owk[od snotrea yo senredold Ayiqeururel] g 9[q8L

F00%1 = Dd ‘19D BOIIS = DS ¢ WM € = Xn[J 180y JuopIou]

200 81 201 124 0LE (%2S) 9v§ 0€ 9 Od%¥y B DS%9 /M 9 ‘9 UOIAN
200 L1 $01 [44 06¢€ (%€S) 978 €€ $ Od%T 2 DS%E /M 9 ‘9 UOIAN
200 v91 Il ve §9¢ (%1¢) 8s¢ - 14 0S%9 /M 9 ‘9 UOIAN
£0°0 Tve £01 §T 0LS (%$7) ¥58 - € Dd%Y /% 9 ‘9 UOJAN
20°0 vET 801 €7 0v9 TEL'T 0¢ I 9 ‘9 UOTAN

| 90°0 10¢°1 691 €7 TLL (%S7) LTI°T - € Dd%Y %8 DS%9 /% NVS
L0°0 1ee’l L61 ST LES 661°1 4 NVS
¥0°0 0T 149 1L (%TS)6V1 2d%Y B D5%9 /M 501D
200 _ LT 101 1 191 01¢ - ¥ 3s0[13)
£0°0 10T 101 A 128 (%89) 61 Dd% B OS%9 /4 VAd
£0°0 Ly¥ 991 91 A% (%T6) $6T - 91 0d%1 B DS%E /M VA
£0°0 19¢ 1€l S1 €LT (%LS) 75T - 62 DS%01 /4 VA
£0°0 1LS Spl LT 444 (%Lb) TTE - 6 0d%01 /M VAd
£0°0 v6$ |§4¢ LT 18¢ | 609 - 1 VAd
50°0 661 17 1z ovz | (hzt) 0zb | ST | ST | Od%I % DS%E /M VINWd
10°0 012 61¢ gz 696 (443 81 0 VINIAd
L0°0 €05°1 9% T STL (%1€) 061°T IKZ 9 Od%b % DS%9 /% Sd
L0°0 Tyl LLT . ST 010°1 LELT 81 0 Sd
500 012 67 | €¢ 2is | (%8s) gL | - 01 Dd%?b 3 D% /% dd
70°0 689 LS¢E 8¢ €08 19L°1 - 0 dd
@8 (Bay/,w) (W/IN) Gugn) AN ) (%)

Pk 00 BAIY IXY pases[oy uonsnquIoy) IH (V) WIH (%) PISTA WIWg X WU/ 3SIp

UBSA oyadg Uesy IOl [BI0L  JO JeSH UBON uesy Aeag 1071 1Y) ajdures




OdL/9°9 UOIAN JO 21mionys [edIayd owAkjodo) 131

A

+mz\%mov..mzoo.%movloo

_

HN—CHD)-HNOD

Y

d 00
O

i}




JW/M O JO X0 [EUIRIXS 18

0d.L/9‘9 uoku jo sepdures 1owk[odos pue 9‘9 UOJAU JO 91el 9sea[al sy Jo uostredwo) 73]

00¢

(s) aIWIL
052 002 051 001 0S 0
I _ 0

i ]
_ Jdoos
; looot

I (2,08) OdL + (%0Z) 99 UOJAN =-r=---== ]

(%02) OdL + (%08) 99 UOIAN - - - - - .

(%01) OdL + (%06) 99: uoldN ]

99 UolAN — |.
_ _ _ _ _ 1oost

(LW/pY) s1ey osejey }eaH



"W/ OF JO X [BUINNXS
1® 04199 uojku jo sojdures 1swk[0dod pue 9°9 uojAu Jo 918l SSO[ ssew Jo uostredwo)

(s) aINIL

00¢ 062 002 0s1 001 0s

€811

-10 ¢

-0 €

(%02) odL + (%08
(%01) OdL + (%06) 99 uolAN

(%0€) OdL + §EW g9 UOJAN ----==v==
g9 UOJAN - - - -

-

- g9 UoJAN ——

| I | 1 i

08§

(Llu,s/B6) B1B1 SSO| SSey



00¢

0o0¢

(s) awiIL
0St

/MY OF JO XUy [BUISIXS J8
0d1/9°9 Uo[AU Jo sajdures rowA[0doo pue 9°9 UOTAU JO UONSNqUIOD JO 183y JO uostredwo) $313

08§

(%0€) OdL + (%0Z) 99 UOlAN -
(%02) OdL + (%08) 99 uojAN
(%%01) OdL + (%06) 99 UolAN

99 uojAN ————

0¢

+0 €

0S¢S

(Bx/rin) uonsnqwo)d jo jeay



1® O0d1/9°9 uojAu Jo so[dures rowk[odoo pue 9‘9 UO[AU JO Pl Q) Jo uosiredwo) §'81g

00¢

007¢

ZU/M Op JO XN [euxa

(s) aWIL

0§t} oot 06§ 0

(%0€) OdL + (%0L) 99 UOJAN =-sveeen-
(%02) OdL + (%08) 99 UOJAN - - - - -
(%01) OdL + (%06) g9 UOlAN

g9 UOJAN ——

l I 1

09D

(B31/6)




WM 0F JO Xug [eUIsIXd 18 OdL/9°9
uolAu yo ss[dures 1owA[odod pue 99 UO[AU Jo BAre uONOUNXS dyads ,HocoﬂuamEooo.mE

(s) IWIL
00€ 0S¢ 002 0S5t 001 0§ 0
T I 0

L. . m
L ] . u
- ! " <4008

\ . n
i ! ; b o]
I : m i @

; : i O.
i S =
- v - 000L &

Co M
- b 5
! oo . e+
- o : >

! m 0061 o

G - S

| “ |

] H —
" L . I 3
- - - "\ K J /Z
- ‘A : (%0€) 0dL + (%02) 99 UOIAN ======-=- || 5902 =

: S (%02) OdL + (%08) g9 UOlAN - - - - - Q
- (%01) OdL + (%06) 99 uolAN
I 99 UOlAN —— ]
| ] | ] | 00s2



ZU/M O JO XN [BUISIX2 8 Od1/9°9 uofdu jo orduwres
TowAjodoo oy} pue d[dures pspuslq sy} ‘9°9 UOJAU JO sayel asesyar jesy Jo uostredwo) £°8ig

(s) awiIL
00€ 052 002 051 001 05 0
. I - : - 0
i ~. H
- / doos
i Jooot
- (Odd %0L) sSpudlg -==-=== [ 1
. (0dd %01) tewhjodod - — — | 1
} 9'9 UOJAN —— i
- | _ | : _ loo0s1

(,W/pmY) eley osejey leay



00¢

W/ OF JO XN [BUISIX9 18
0dq/9°‘9 uojAu jo sopdures rowAjodod pue 9°g UOAU JO 9jel 95BI[aI 183 JO uostredwo) g3

(s) 3NIL
052 002 0§t 00+ 0s 0
i I 2 71 °
- 7
- 1
! ]
~ - 00§
] p
- 1
- - 0004
- (%0€) 0da + (%0L) UOIAN ----===| 1
i (%02) 0da + (%08) UOIAN - — — | ]
(%01) Oda + (%06) UolAN .
i g9 UOIAN — | ]
! ~ 1 | ! | 1oost

(LW/p\Y) oley ose|ay jesH




'ZW/MI SE JO Xnp [BUINXD Je o[dures pspus(q
(o1ySem 0E)OJdHL/9QuoAu oy} pue 9°g uojlu jyo ojeI ases[al jesy Jo uostredwo) 631

(s)owly

0S¢ 00¢ 0S5¢ 00¢ 0s1t 001 08§ 0

b

- \
\
v

\

| JM/MY G XNl 1esH ~008

|
- L
|
|
,
|

] / u\ (%0€) OddHL /% 9°9-UOIAN -~~~ ~0001}
‘) 9¢9-UO[AN - -o— | |
1%

LA/MY oley asesjey 1edH




ZUW/M §€ JO X0 [euIsixs e ojdures papusiq (%

Wy3em 0g)OddHI/99 c&? 3Y} pue 9°9 UojAu Jo gore uondunxs oyeds yo uostredwo) o181

(s)owil
06 ¢ 00¢ 06¢ 00¢ 0S1L 001 0§ 0
T w 4 T _ i T Ll 1 _ L3 1 ] T _ T 1 ] 1 _ U. T j O
4 " _’ \n\ .. L
1 o ! ]
1 1 h_\,Q. ‘

i _ A

i 1 _ , o~ _. L

4 ! 1 L

1 \ \ ' -

I _ .

. 1 &I\ —~ L

] " ] loom

J 1 ! I

] N 1 i

. 1 é

1 ! i

- 1 I =

- i / i

] 1 ! -

. : ..\ |

4 ! - \\ -~

y __ e .;......\Jsla \ ac -’ i

. % Pie v ‘ ~0001
y ,_ ) LJU/MY GE XN[4 1B8H -

i o [

] (%0€) OddHL /4 9°9-UOTAN -~~~ I

] 9¢9-UO[AN - ~o— [

i 1 L S | 1 1 | I | _ 1 1 1 1 _ 1 1 1 1 _ 1. 1 l 1 _ i ] 1 1 _ i ] 1 ! i

006Gt

(By/,w) eaty uonounxy ay10ads




0°00L

J0 X0y [euIaxa 18 £0D%/1e8 BoIs Yim Jd PUE dd JO OIel seafal jeay jo uostredwo) {1314

W/ SE

GENEL I
0009 0°00¢ 0'00% 0'00¢ 0'00T 0°001 00

LMY preg L —> T 1
(/LN LOT 95839 183 [BI0L,

(88'8€) (%) “0DSL (%9) il
198 vaIpg /M audjddoadLjog

(/LA P1P = 9SLaay JUIH [VI0L T

(8L¢) susjfdoadLiog ul
WM 6°09L) 7 [A \\5& mm 4

00¢

00v

009

008

0001

00Tl

oovl

0091

0081

W/ANY) 938y ISBAY 1BIH

1)

(



/MY SE JO
xng feuexe 1€ §0Q%/1e8 ©olis/dd PUB dd JO ¥ATE UOHOURXS oyroads yo uosuedwo) 7Sy

(99s) Quuiy,
000, 0009 0°00¢ 0'00¥

0'00¢ 000z 0001 00 ‘

T 00¢

T 00¥

-—- - ---
[ s Tttt - -

(By,m) vaxy woydunxy oywIdG aows

._. -+ 009
_.. . T OOw
Vo —Am\tmv suajAdoadLjog <+ 0001
(38°8¢) (%) C0DDI
v (%9) 193 vaIpIg
M audjddoadLjo
] / I 10d + 0071

/AN S€

0ol




Protonated Carboas in CP/MAS Spectrum
(difference spectrum)

Normal CP/MAS Spectrum

Interrupted Decoupling Spectrum
Non - protonated Carbons in CP/MAS Spectrum
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Fig. 13. Solid state '*C NMR spectra of char of PVA with silica gel only (mass ratio: 90:10).

Protonated Carbons in CP/MAS Spectrum
(difference spectrum)

Normal CP/MAS Spectrum

Interrupted Decoupling Spectrum
Noa - protenated Carbons in CP/MAS Spectrum
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Fig. 14. Solid state "*C NMR spectra of char of PVA with silica gel / K,CO, (mass ratio: 90:6:4).




